A multiresidue method was developed for the determination of fluoroquinolones in eggs. Extraction of eggs with ammoniacal acetonitrile was followed by liquid-liquid defatting, solvent evaporation, and redissolution in a small volume of buffer. The fluoroquinolones were further purified by on-line microdialysis, concentrated on a trace enrichment column, and separated by reversed-phase liquid chromatography with fluorescence detection. Norfloxacin (NOR), ciprofloxacin (CIP), and sarafloxacin (SAR) were extracted from fortified eggs over a range of 2-200 mg/kg, with recoveries of 65.7-78.9%, 65.6-77.1%, and 67.6-110%, respectively. Enrofloxacin (ENRO) was extracted over a range of 1-100 mg/kg, with recoveries of 71.5-86.7%, whereas desethylene ciprofloxacin (DCIP) and danofloxacin (DANO) were extracted over a range of 0.2-20 mg/kg, with recoveries of 68.7-90.7% and 76.0-93.8%, respectively. The limits of quantitation for the 6 fluoroquinolones were as follows: DCIP and DANO, 0.3 mg/kg; ENRO, 1 mg/kg; NOR and CIP, 2 mg/kg; and SAR, 3 mg/kg. Both SAR and ENRO incurred eggs were also successfully analyzed using this method. F luoroquinolone (FQN) antibiotics display a wide range of antibacterial activity and have found use in both medical and veterinary applications. Use of this class of antibiotics in food animals has generated considerable interest, particularly given increased concern about microbial resistance. FQN-resistant Salmonella (1) and Campylobacter (2) have emerged recently in the United States. With Campylobacter, the increase in resistance has been attributed to the use of FQNs in poultry (2). Antibiotic residues in food products may contribute to the microbial resistance problem, or they may cause additional health problems, such as toxicity or allergic reaction in sensitive individuals (3). Both sarafloxacin (SAR) and enrofloxacin (ENRO) have been approved for use in broiler chickens. Although no FQNs have been approved for use in laying hens, and the U.S. Food and Drug Administration (FDA) has prohibited the extralabel use of FQNs (4), the potential for misuse and subsequent generation of residues in eggs exists. Thus, development of efficient methods to detect and quantitate FQNs in eggs is warranted.
F luoroquinolone (FQN) antibiotics display a wide range of antibacterial activity and have found use in both medical and veterinary applications. Use of this class of antibiotics in food animals has generated considerable interest, particularly given increased concern about microbial resistance. FQN-resistant Salmonella (1) and Campylobacter (2) have emerged recently in the United States. With Campylobacter, the increase in resistance has been attributed to the use of FQNs in poultry (2) . Antibiotic residues in food products may contribute to the microbial resistance problem, or they may cause additional health problems, such as toxicity or allergic reaction in sensitive individuals (3). Both sarafloxacin (SAR) and enrofloxacin (ENRO) have been approved for use in broiler chickens. Although no FQNs have been approved for use in laying hens, and the U.S. Food and Drug Administration (FDA) has prohibited the extralabel use of FQNs (4), the potential for misuse and subsequent generation of residues in eggs exists. Thus, development of efficient methods to detect and quantitate FQNs in eggs is warranted.
Several methods for the determination of FQNs in eggs have been reported. Gorla et al. (5) were able to recover ENRO and ciprofloxacin (CIP) from fortified eggs and from eggs containing incurred ENRO and CIP by extraction with acetonitrile (ACN) and determination by liquid chromatography (LC) with UV detection; however, their recoveries were relatively low (49-85% for ENRO, and 36-50% for CIP), and the limit of detection for CIP was relatively high (156 µg/kg). Schwaiger and Schuch (6) reported excellent recoveries of CIP (92%) and ENRO (98%) with a limit of determination of 7 µg/kg, obtained by using an ethanol-acetic acid extraction followed by LC with fluorescence detection. Rose et al. (7) examined the recovery of 9 FQNs from fortified eggs and reported limits of determination for danofloxacin (DANO; 5 µg/kg); CIP, ENRO, norfloxacin (NOR), SAR, and marbofloxacin (10 µg/kg); and ofloxacin, enoxacin, and lomefloxacin (50 µg/kg). Although their recoveries were generally good, the recoveries of DANO were lower (49 and 62%) than those of the other FQNs. Furthermore, they were unable to determine more than 4 FQNs simultaneously because of an insufficient chromatographic separation of the analytes. Maxwell et al. (8) reported the recovery of SAR from fortified eggs and from eggs containing incurred SAR by liquid-liquid extraction, followed by automated microdialysis and LC with fluorescence detection. Their recoveries were excellent (87-102%), with a limit of quantitation of 1 µg/kg.
An automated microdialysis-trace enrichment-column switching-LC system has great potential as a tool for residue analysis in foods, but its use for this purpose has been limited, especially for eggs. Applications of this technique to eggs include analyses for nitrofurans (9) , sulfonamides (10), oxytetracycline (11) , and, more recently, FQNs (8) . In this study, the use of automated microdialysis-LC for determination of additional FQNs in eggs was further evaluated. The goal was to develop an improved method that would be effective for determination of multiple FQNs in egg extracts, and to demonstrate its efficacy with both FQN-fortified eggs and incurred eggs. (e) 50% ACN in water.-Combine 500 mL ACN with 500 mL water.
Experimental

Apparatus
(f) 1% Triton X-100.-Slowly add 1 mL Triton X-100 to 100 mL volumetric flask containing ca 80 mL water. Dilute to volume with water. Store refrigerated.
(g) 0.01% Triton X-100.-Slowly add 10 mL 1% Triton X-100 to 1 L volumetric flask containing ca 800 mL water. Dilute to volume with water. Store refrigerated.
(h) 0.025M phosphoric acid, adjusted to pH 2.8 with triethylamine.-Transfer 1.7 mL 85% phosphoric acid to 1 L beaker, along with water to volume of ca 900 mL. Adjust pH to 2. 
Egg Samples
Control, SAR-incurred, and ENRO-incurred eggs were obtained from the FDA Center for Veterinary Medicine (CVM), Laurel, MD.
(a) Control eggs.-Eggs were collected, homogenized, and stored at -80°C until needed.
(b) SAR-incurred eggs.-A laying hen, ca 35 weeks of age, was given a single daily dose of SAR (5 mg, orally by gelatin capsules) for 5 consecutive days. Eggs were collected during the dosing period and for 5 days post dose (10 days total). SAR-incurred eggs were stored whole at -80°C. Shortly before use, these eggs were thawed at room temperature and homogenized individually, and the homogenates were frozen at -80°C until needed.
(c) ENRO-incurred eggs.-A laying hen was given a single daily dose of ENRO (11 mg, orally by syringe) for 7 consecutive days. Eggs were collected during dosing and for 23 days post dose (30 days total). ENRO-incurred eggs were homogenized and stored at -80°C until needed. (Figure 1 ): The TEC is washed with 970 µL 50% ACN in water and conditioned with 500 µL Buffer B. A 370 µL aliquot of the sample is loaded into the donor channel of the dialysis block, where it remains for 5 min. Three 650 µL portions of Buffer B are then pulsed through the recipient channel, and the eluate is loaded onto the TEC. The TEC is backflushed with 970 µL Buffer B, and the sample is injected onto the LC column, at which point data acquisition begins. The ASTED needle is rinsed with water (500 µL inside, 970 µL outside), the dialysis block donor channel is washed with 3700 µL 0.01% Triton X-100, and the recipient channel is washed with 2700 µL Buffer B. The entire process (including LC) takes ca 45 min (chromatography time, 30 min); however, the ASTED will begin dialysis on a new sample while one sample is undergoing chromatographic analysis. Thus, a new sample may be run every 30 min.
(c) LC analysis.-A gradient of ACN in 0.025M phosphoric acid, adjusted to pH 2.8 with triethylamine, was used: 15% ACN (5 min), 15 to 35% ACN (12 min), 35% ACN (3 min), 35 to 15% ACN (2 min), 15% ACN (8 min); flow rate, 1.0 mL/min; fluorescence detector λ ex = 278 nm, λ em = 440 nm. An external standard curve generated by the ASTED-LC system and measurement of peak height was used for quantitation.
Results and Discussion
Of the previously published methods for determination of FQNs in eggs, the 2 most promising, based on recoveries, were those reported by Schwaiger and Schuch (6) and Maxwell et al. (8) . The Schwaiger and Schuch method was tested in our laboratory with duplicate egg samples, each fortified with CIP and SAR at 20 µg/kg, ENRO at 10 µg/kg, and DCIP and DANO at 2 µg/kg. In our tests, recoveries of all FQNs were good (57-104%), except those of DANO (33-36%). The low recovery of DANO, coupled with the use of a rotary evaporator in the method, which could be problematic for processing large numbers of samples, led us to evaluate further the Maxwell et al. approach, using the attractive features of automated microdialysis (8) .
An efficient 2-step method for the recovery of FQNs from eggs was first developed. An initial extraction step removed the analytes from the sample matrix, and then a liquid-liquid extraction step allowed defatting of the resultant solution. A variety of extraction protocols were evaluated, and the most promising were then investigated with eggs. The extraction solvent chosen for the initial step was ammoniacal ACN after an attempt with 1% acetic acid in methanol provided lower recoveries and less clean samples. Solvents used in the second defatting step were optimized to facilitate separation of the solvent layers and to minimize the aqueous component, thereby assisting in later evaporation of the sample. Introduction of an evaporation step into the sample preparation procedure provided a concentrated final sample. Thus, the ASTED sequence was shortened significantly by dialysis of a single portion of the sample, instead of the 2 portions reported previously by Maxwell et al. (8) .
Once samples were prepared, they could be injected into the ASTED-LC system. The ASTED removed soluble impurities with high molecular weights (>15 kD). Maintaining a stationary donor channel and pulsing the recipient channel with 3 portions of eluant buffer allowed efficient dialysis with good analyte recovery. The diluted eluate from dialysis was deposited on a TEC, which provided the required concentration of FQNs before the TEC was backflushed and the sample was injected onto the chromatographic column. Use of the ASTED-LC system allowed completely automated analysis of prepared samples. A schematic flow diagram of the system is shown in Figure 1 .
Chromatographic separation of all FQNs studied is needed for an effective multiresidue method. Incomplete separation was a difficulty encountered by Rose et al. (7) . LC of the 6 FQNs in this study was first attempted on a C 8 column, which provided an excellent separation of 4 FQNs, and a nearly complete separation of CIP and DANO. Switching to the C 18(2) column provided a slightly more retentive stationary phase, which resulted in complete separation of all analytes ( Figure 2b ). As has been noted previously (12) , LC columns chosen for determination of FQNs should, for best results, contain a stationary phase of high purity and low metal content. For example, in our efforts to reproduce the work of Schwaiger and Schuch, use of a column comparable to theirs provided no discrete peaks. Returning to our high purity column provided a satisfactory analysis. The fluorescence of the FQNs studied enabled their facile detection at low µg/kg levels after chromatography. Fluorescence response varied considerably, however, among the 6 FQNs in the fortification mixture. Thus, the concentration of each FQN in the fortification solution was adjusted to provide approximately equal peak heights. For a given concentration of NOR, CIP, or SAR (x), the concentration of ENRO was set at x/2, and that of DCIP and DANO, at x/10. Fluorescence detection provided high sensitivity, with the limit of detection (limit of quantitation) for the 6 FQNs as follows: DCIP and DANO, 0.2 (0.3) µg/kg; ENRO, 0.6 (1) µg/kg; NOR and CIP, 1 (2) µg/kg; and SAR, 2 (3) µg/kg. The limit of detection was determined in a matrix blank as noise + 3σ, and the limit of quantitation as noise + 10σ. Sensitivity could be increased further with a larger sample size (more than one portion dialyzed per sample), as long as the capacity of the TEC is not exceeded; however, this approach would increase analysis time.
Once the method was developed, control egg samples were fortified with 6 FQNs over a range of concentrations, and the FQNs were extracted and determined. Recovery data for the 6 FQNs from these fortified egg samples are listed in Table 1 . Six samples (each containing the 6 FQNs) were run in each experiment. Good recoveries were obtained with this technique for analyte concentrations over 2 orders of magnitude. Excellent reproducibility was achieved, with relative standard deviation (RSD) values of ≤10%, except for NOR and CIP at the 2 µg/kg level. Chromatograms of control and fortified egg samples are shown in Figure 2 . Control eggs gave very low background with this method.
To ensure that this method would perform well with eggs having incurred FQNs, which can sometimes be more problematic because of differences in analyte-matrix binding, all available SAR-incurred eggs from the dosed hen were extracted and 6 samples per egg were analyzed. For each SAR-incurred egg, a fortified egg sample containing SAR at 30 µg/kg (along with CIP and NOR at 30 µg/kg, ENRO at 15 µg/kg, and DCIP and DANO at 3 µg/kg) was also extracted to ensure that recovery of SAR was ≥60%. The results for the SAR-incurred eggs are listed in Table 2 . The RSDs range from 4 to 6%. The levels of SAR increased markedly during the dosing period and then fell off post dose. Chromatograms of control egg and SAR-incurred egg samples are compared in Figure 3 . It is interesting to note that in the chromatogram for each egg sample except the first collected, there was a small additional peak at a retention time of approximately 13 min, which may correspond to a SAR metabolite or degradation product. As an additional test of the method, ENRO-incurred eggs were also studied. Eggs were analyzed on every second day during the dosing and post-dose periods, with the addition of the last day of dosing. Because of the high concentrations of ENRO found in a number of these eggs, selected ENRO-incurred egg homogenates were diluted with control egg homogenate before extraction and analysis. In all cases, 6 samples per egg were analyzed. For each ENRO-incurred egg, a fortified egg sample containing ENRO at 25 µg/kg and CIP at 50 µg/kg (along with SAR and NOR at 50 µg/kg and DCIP and DANO at 5 µg/kg) was also extracted to ensure that recovery of ENRO and its primary metabolite, CIP, was ≥60%. Results for the ENRO-incurred eggs are listed in Table 3. The second column in Table 3 represents the level of ENRO in samples as measured. The last column represents the actual levels of ENRO in samples, calculated after taking into account the corresponding dilution before extraction. RSDs for ENRO determinations were ≤10%. ENRO levels rise during dosing and decline post dose. It is interesting that ENRO can still be detected, at a low level, 2 weeks post dose. In addition to ENRO, the metabolite CIP was detected during the post-dose period in 4 samples, on days 8, 9, 11, and 13; the levels of CIP (µg/kg) measured in these samples (actual levels calculated) were 3.24 (130), 3.83 (76.6), 7.07 (56.6), and 17.9 (17.9), respectively. RSDs for CIP determinations ranged from 8 to 11%. Chromatograms of control egg and ENRO-incurred egg samples are compared in Figure 4 .
SAR-and ENRO-incurred eggs were analyzed to illustrate the utility of the developed microdialysis-LC method, rather than to provide a definitive pattern of dosing and post-dose concentrations. However, it is interesting to compare the results from the SAR-and ENRO-incurred eggs. Although ENRO was dosed at approximately twice the level of SAR, the concentrations of ENRO in the resultant eggs appear to be disproportionately higher than those from SAR, suggesting a higher level of incorporation into the egg. These results are similar to those obtained by Gorla et al. (5) , in which hens dosed with ENRO yielded significantly higher concentrations of the FQN in eggs than did hens dosed at the same level with CIP, although our method provided better recoveries and greater sensitivity.
The microdialysis-LC method described in this paper provides efficient simultaneous determination of up to 6 FQNs in eggs. It can be used with fortified or FQN-incurred eggs, to achieve good recoveries with high sensitivity. Analysis of the samples is rapid; the automated ASTED-LC system is capable of processing up to 48 samples/24 h. 
